In this work we report a high-tensile ductility in a fully dense bulk nanocrystalline (nc) pure copper sample prepared by electrodeposition. A tensile ductility with an elongation to fracture of 30% was obtained in the nc Cu specimen with an average grain size of 27 nm, which is comparable to that for the coarse-grained polycrystalline Cu. An enhanced yield stress (119 MPa) and a depressed strain hardening exponent (0.22) were observed in the nc Cu sample with respect to the conventional polycrystalline Cu. The high-tensile ductility was attributed to the minimized artifacts in the nc sample, and the grain-boundary sliding deformation mechanism resulted from the numerous amount small-angle grain boundaries and the low microstrain (dislocation density).
In this work we report a high-tensile ductility in a fully dense bulk nanocrystalline (nc) pure copper sample prepared by electrodeposition. A tensile ductility with an elongation to fracture of 30% was obtained in the nc Cu specimen with an average grain size of 27 nm, which is comparable to that for the coarse-grained polycrystalline Cu. An enhanced yield stress (119 MPa) and a depressed strain hardening exponent (0.22) were observed in the nc Cu sample with respect to the conventional polycrystalline Cu. The high-tensile ductility was attributed to the minimized artifacts in the nc sample, and the grain-boundary sliding deformation mechanism resulted from the numerous amount small-angle grain boundaries and the low microstrain (dislocation density).
Following the grain-size dependence of mechanical properties in conventional polycrystalline materials, one may expect an enhancement in both the strength and the ductility when grains are refined down to the nanometer regime. In other words, nanocrystalline (nc) materials are expected to be harder and more ductile than their coarsegrained polycrystalline counterparts. 1 However, experimental observations in a variety of nc materials in recent years are disappointing: most nc materials are extremely brittle. The measured ductility of single-phased nc materials in tension is very low, typically with an elongation of a few percent for the grain size less than 30 nm. Whether the coarse-grained materials are ductile or brittle, observed tensile ductility in nc specimens is very limited and decreases with decreasing grain size. [2] [3] [4] For example, conventional coarse-grained annealed pure polycrystalline Cu is very ductile, normally with an elongation of about 60%. However, experimental measurements in nc Cu samples with grain sizes less than 30 nm indicated almost no ductility, with ഛ5% elongation to fracture in tension. When the grain size increases, tensile ductility slightly increases, with ∼10% elongation for grain size larger than 100 nm. 5 Compressional ductility in nc Cu specimens was found to be higher than the tensile ductility, with strains of 12-18% prior to failure, 6 but still much less than that for the coarse grain form.
The brittleness of nc materials has been attributed to the restricted dislocation activity and the artifacts (such as flaws, contamination, residual stress, etc.) induced in the processing procedures of nc samples. Most mechanical property studies of nc metals have been done on consolidated particulate samples in which large residual stress and flaws due to the imperfect particulate bonding and/or porosity may be effective in influencing the ductility. Increasing of the sample density by means of optimizing the processing condition, i.e., diminishing the samples flaws (voids, missing crystallites, or pores), may effectively improve the ductility. 5 Nevertheless, up to now the observed tensile ductility in nc metals is far below that of the coarse-grain form. Although this phenomenon was presumably explained by the restrictions on dislocation activity imposed by the small grain size, the intrinsic deformation mechanism in nc materials is still lacking.
In order to reveal the intrinsic mechanical properties of nc metals, "ideal" nc specimens are necessary, i.e., contamination-free, flaw-free, residual stress-free, and microstrain-free and with a sufficiently large sample size for mechanical testing. In this work, we prepared a bulk and fully dense nc pure Cu sample by means of electrodeposition, in which no residual stress exists and the microstrain is negligible. Tensile tests on this sample yielded a very high ductility, much larger than the reported results for nc Cu in the literature.
The nc Cu samples were prepared by means of the electrodeposition technique 7 with an electrolyte of CuSO 4 . The nc Cu sheet (with a sheet thickness of about 2 mm) was deposited on a substrate of Ti. The chemical analysis of the as-deposited nc Cu indicated that its purity was better than 99.995 wt%. The total oxygen content in the as-deposited Cu was determined by using a LECO TC-436 oxygen/nitrogen determination analysis, being about 24 ± 1 ppm. The sample density was meas-ured by means of the Archimedes principle, being 8.91 ± 0.03 g/cm 3 , which was equivalent to 99.4% of the theoretical density for pure Cu (8.96 g/cm 3 ). The full density of the as-deposited nc Cu samples was also verified by positron annihilation spectroscopy measurements that the sample contained no vacancy-like (or vacancy-clusterlike) volumes and no missing crystallites.
The microstructure and the grain size of the sample were characterized by means of x-ray diffraction (XRD) analysis and transmission electron microscopy (TEM) observations. Quantitative XRD measurements of the nc Cu samples were carried out in a Rigaku D/MAX 2400 x-ray diffractometer with Cu K ␣ radiation. The average grain size and average microstrain were determined in terms of the diffraction line broadening of seven single Bragg reflection peaks, (111), (200), (220), (311), (222), (400), and (331), by using the Wilson method. 8 TEM experiments were performed on a JEM 2010 highresolution electron microscope with an accelerating voltage of 200 kV. The sample for TEM observations was thinned by using an electrochemical polishing at low temperature (liquid N 2 ). SEM observations were performed on a JEM-6301F scanning electron microscopy.
Dog-bone-shaped specimens for the tensile tests were prepared from the as-deposited nc Cu plate by a electrodischarge machine. The sample length is 66 mm and thickness is about 1.5 mm, while the gauge length is 15 mm and the width is 5 mm. The radius between the gauge length and the grip ends is 3 mm. The broad, flat faces and the thin edges of the specimens were polished with 5 m silicon carbide papers and 0.25 m diamond paste. Tensile tests were carried out on a Schenck mechanical test system (10 kN) in stroke control condition at a speed of 1 × 10 −4 mm/s for all tested samples. The strain rate was about 1 × 10 −4 s −1 . The XRD analysis of the as-deposited nc Cu sample indicated that only a fcc Cu phase was found. According to the XRD line broadening analysis, we obtained the average grain size of 27 nm and the average microstrain of about 0.03%. Microstructural characterization by means of TEM observations revealed that the asdeposited sample consists of fairly large grains or domains (a few micrometers), within which ultrafine crystallites (or crystalline domains) with sizes ranging from a few nanometers to about 80 nm can be identified. The statistical crystallite size distribution determined from the dark-field TEM images, as depicted in Fig. 1 , showed a relatively narrow size distribution and an average grain size of about 20 nm, which is close to the result derived from the XRD analysis. High-resolution transmission electron microscopy (HRTEM) observations indicated that most of the nanometer-sized crystallites were equiaxed and separated by small-angle grain boundaries with misorientation angles of about 1 to 10°. 9 Tensile tests were performed on six nc Cu dog-boneshaped specimens, and consistent results were obtained from different measurements. Figure 2 shows a typical stress-strain curve of the nc Cu specimen. The yield stress (taken as 0.2% offset strain) was obtained to be 119 ± 5 MPa, and the stress to fracture was 202 ± 8 MPa from the six sets of measurements. An elongation to fracture of about 30% was measured (the standard deviation of the six measured samples was about 3%), indicating a very high ductility of the nc Cu specimens. ture, from which evident plastic deformation can be seen. Scanning electron microscopy (SEM) observations of the fracture surface, as shown in Fig. 3 , indicate a typical ductile fracture surface in which evident plastic deformation can be seen.
The yield stress in the present nc Cu specimen is nearly twice that for the annealed coarse-grained Cu (typically 70 MPa) and is smaller than that for the deformed (cold-worked) coarse-grained Cu (>200 MPa). The elongation to fracture of the nc Cu specimens is actually comparable to that for conventional coarsegrained polycrystalline Cu. However, a very different deformation mechanism can be observed. On the basis of the stress-strain curve in the plastic deformation range for the nc Cu, we calculated the true strain hardening exponent n and strength coefficient K, given by ‫ס‬ K⑀ n , being 0.22 and 268 MPa, respectively. The n value is well below the strain-hardening exponent for the conventional pure Cu, which is 0.3-0.35, 10 implying a much depressed strain-hardening effect in the nc Cu with respect to that in the conventional polycrystalline Cu.
Comparing the mechanical properties of the present nc Cu specimen with those of consolidated nc Cu reported in the literature, we found the yield stress was smaller in our samples (normally 160 to 370 MPa for the consolidated nc Cu, 5 depending upon processing conditions). However, the most striking feature is that the elongation to fracture in the present sample is about 1 order of magnitude higher than those obtained in compacted nc Cu specimens, which are typically a few percent for the grain size less than 30 nm. 3 The strain-hardening coefficient in the present nc Cu is evidently larger than the results for consolidated nc Cu specimens (0.12-0.15).
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For the compacted nc Cu with grain size smaller than 30 nm, the failure seemed to be flaws dominated with little deformation and a fracture surface perpendicular to the stress axis. Whereas evident plastic deformation in our samples was observed at the sample faces and the fracture surface, as seen in Fig. 3 . All of this experimental evidence indicates that a much-improved ductility is achieved in our nc Cu sample compared with the consolidated nc Cu from the ultrafine powders. By comparison of the ductility and hardening exponents for the consolidated and the present nc Cu samples, it is obvious that a higher ductility is obtained for the material having a larger hardening exponent. It means the intimate correlation between strain-hardening exponent and instability strain also holds for nc materials; i.e., materials that cannot harden substantially will not be very ductile.
It has been experimentally demonstrated in the literature that the ductility of nc metals can be improved by diminishing the artifacts, such as flaws and contamination, in the consolidated particulate samples. Meanwhile the high-tensile ductility observed in the present nc Cu samples may be partially attributed to the success in eliminating the contamination and flaws during the onestep preparation procedure of the nc Cu sample (in contrast to the two-step method of ultrafine powder consolidation). The intrinsic deformation mechanism in the present nc sample might differ from that in the consolidated nc materials. In a comparison with the consolidated nc metals with random crystallographic orientations and a high microstrain, 12, 13 the nanocrystallites in the present nc Cu sample are separated by small-angle grain boundaries and the mean microstrain is pretty small, indicating a low dislocation (or defect) density in the crystallites. The restricted dislocation activities by the high microstrain (i.e., a high dislocation density) as well as the limited grain boundary diffusional creep at ambient temperature may lead to a depressed ductility in the consolidated nc metals. In the present sample, however, the small-angle grain boundaries having low grain boundary energy, together with low dislocation density, would facilitate dislocation activities either in the crystallites or in the grain boundaries. Actually grainboundary sliding and motion with minor lattice dislocation activities were also observed in the computer simulation of the deformation process of the nc Cu. 14 Tensile creep measurements of the nc Cu at room temperature revealed a considerably large creep rate. 15 It was found that the creep rates increase linearly with an increasing applied stress: d⑀/dt ‫ס‬ 2.51 × 10 −14 (with in Pa and d⑀/dt in s −1 ) at 303 K in the as-deposited nc Cu sample. The measured creep rate is approximately consistent with the predicted value based on the Coble creep rate, implying that the deformation mechanism in the present nc Cu at room temperature is dominated by the grain-boundary diffusional creep.
The present tensile experiments in electrodeposited nc Cu specimens indicate that a high ductility is accessible for the nc metals, which may be comparable to that in their coarse-grained polycrystalline counterparts; the nc sample processing is well controlled to effectively remove contamination, flaws, and microstrain as well. It is well known that grain-boundary deformation is much easier for the large-angle random grain boundaries than the small-angle ones. However, as seen in our present nc Cu sample, observations indicated that small-angle grain boundaries separating the nanocrystallites with a small microstrain (or a low dislocation density) are still effective in carrying plastic deformation and promoting the ductility of the nc metals. Systematic investigations on the intrinsic mechanical property and deformation mechanism of the nc specimens are in progress.
